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A relationship between processivity and synergism has not been reported for cellulases, although both
characteristics are very important for hydrolysis of insoluble substrates. Mutation of two residues located in
the active site tunnel of Thermobifida fusca exocellulase Cel6B increased processivity on filter paper. Surpris-
ingly, mixtures of the Cel6B mutant enzymes and T. fusca endocellulase Cel5A did not show increased
synergism or processivity, and the mutant enzyme which had the highest processivity gave the poorest
synergism. This study suggests that improving exocellulase processivity might be not an effective strategy for
producing improved cellulase mixtures for biomass conversion. The inverse relationship between the activities
of many of the mutant enzymes with bacterial microcrystalline cellulose and their activities with carboxymethyl
cellulose indicated that there are differences in the mechanisms of hydrolysis for these substrates, supporting
the possibility of engineering Cel6B to target selected substrates.

Cellulose is a linear homopolymer of �-1,4-linked anhydrous
glucosyl residues with a degree of polymerization (DP) of up to
15,000 (5). Adjacent glucose residues in cellulose are oriented
at an angle of 180o to each other, making cellobiose the basic
unit of cellulose structure (5). The �-1,4-glycosidic bonds of
cellulose are enzymatically hydrolyzed by three classes of cel-
lulases. Endocellulases (EC 3.2.1.4) cleave cellulose chains in-
ternally, generating products of variable length with new chain
ends, while exocellulases, also called cellobiohydrolases (EC
3.2.1.91), act from one end of a cellulose chain and processively
cleave off cellobiose as the main product. The third class is the
processive endocellulases, which can be produced by bacteria
(2, 20).

Processivity and synergism are important properties of cel-
lulases, particularly for hydrolysis of crystalline substrates. Pro-
cessivity indicates how far a cellulase molecule proceeds and
hydrolyzes a substrate chain before there is dissociation. Pro-
cessivity can be measured indirectly by determining the ratio of
soluble products to insoluble products in filter paper assays
(14, 19, 39). Although this approach might not discriminate
exocellulases from highly processive endocellulases (12), it is
very helpful for comparing mutants of the same enzyme (19).
The processivity of some glycoside hydrolases also can be de-
termined from the ratio of dimers to monomers in the hydro-
lysate (13).

Four types of synergism have been demonstrated in cellulase
systems: synergism between endocellulases and exocellulases,
synergism between reducing- and nonreducing-end-directed
exocellulases, synergism between processive endocellulases
and endo- or exocellulases, and synergism between �-glucosi-
dases and other cellulases (3). Synergism is dependent on a
number of factors, including the physicochemical properties of
the substrate and the ratio of the individual enzymes (10).

Great effort has been focused on improving enzymatic hy-
drolysis of cellulases in biomass (24). However, studying bio-
mass is difficult due to its complexity; instead, nearly pure
cellulose, amorphous cellulose, or carboxymethyl cellulose
(CMC) are commonly used as substrates (22).

Random mutagenesis approaches and rational protein de-
sign have been used to study cellulose hydrolysis (18), to im-
prove the activity of catalytic domains and carbohydrate-bind-
ing modules (19), and to thermostabilize cellulases (9).
Increased knowledge of cellulase structures and improvements
in modeling software (1) have facilitated rational protein
design. The structures of five glycoside hydrolase family 6
cellulases from four microorganisms, Trichoderma reesei (23),
Thermobifida fusca (26), Humicola insolens (6, 29), and Myco-
bacterium tuberculosis (30), have been determined. Structural
analysis showed that the active sites of the exocellulases are
enclosed by two long loops forming a tunnel, while the endo-
cellulases have an open active site groove. Movement of one of
these loops is important for enzymatic activity (6, 35, 37).

In nature, as well as for industrial applications, mixtures of
cellulase are required; therefore, a better strategy for designing
individual enzymes to improve the activity of mixtures is crit-
ical. In this study, we used Cel6B, a nonreducing-end-directed,
inverting exocellulase from Thermobifida fusca, a thermophilic
soil bacterium, as a model cellulase to investigate the impact of
improved exocellulases in mixtures with endocellulases since T.
fusca Cel6B is important for achieving the maximum activity of
synergistic mixtures (35). Cel6B activity is similar to that of the
fungal T. reesei exocellulase Cel6A, but Cel6B has higher ther-
mostability and a much broader pH optimum (36). Six non-
catalytic residues in the active site tunnel of T. fusca exocellu-
lase Cel6B were mutated to obtain insight into the role of these
residues in processivity and substrate specificity. Two mutant
enzymes that showed higher activity with filter paper and pro-
cessivity were investigated further for production of oligosac-
charides and synergism to analyze the relationship between
processivity and synergism.
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MATERIALS AND METHODS

Site-directed mutagenesis and enzyme purification. The entire Cel6B gene in
plasmid pSZ143 (35) was used as the template for mutagenesis. Complementary
primers were designed using PrimerSelect (DNASTAR Lasergene v.8.0) to in-
corporate the desired mutations. PCR was performed for 18 cycles consisting of
95°C for 1 min, 60°C for 50 s, and 68°C for 7 min, using the QuikChange method
(Agilent Technologies). PCR products were transformed into Escherichia coli
DH5�, and mutant plasmids were checked by DNA sequencing (Applied Bio-
systems 3730 automated DNA analyzer at Life Sciences Core Laboratories
Center, Cornell University). Correct mutant plasmids were transformed and
expressed in E. coli BL21 RPIL DE3 (Agilent Technologies).

Wild-type and mutant enzymes were purified using previously described chro-
matographic techniques (36). Cel6B concentrations were calculated from optical
densities at 280 nm using an extinction coefficient (ε) of 15,000 M�1 � cm�1

calculated from the amino acid composition. T. fusca Cel5A and Cel48A used for
synergism were purified by chromatographic techniques as previously described
(15, 16).

Polysaccharide assays. As recommended by Ghose (7), polysaccharide assays
were conducted using a series of enzyme concentrations greater and less than the
target digestion concentration for each substrate for a fixed time with a saturat-
ing amount of substrate (7). Enzymatic activities were determined using 2.5-
mg/ml bacterial microcrystalline cellulose (BMCC) and phosphoric acid-swollen
cellulose (SC), as well as 8-mg/ml Whatman no. 1 filter paper (FP). Enzymes
were also tested using 2.5-mg/ml phosphoric acid-treated cotton (PC) that was
prepared for this study using a previously described method for swollen cellulose
(38). All assays were performed using a 0.4-ml reaction mixture in triplicate for
16 h at 50°C in the presence of 50 mM sodium acetate (NaOAc) (pH 5.5).
Reducing sugars were measured using dinitrosalicylic acid (7), as suggested by Li
et al. (19). KaleidaGraph (Synergy Software) was used to fit the curve to deter-
mine the amount of enzyme required for 6% substrate digestion. As the activity
with FP was low, enzyme activity was calculated using 1.5 �M enzyme.

The distribution of reducing ends in the supernatant (soluble) and in FP
(insoluble) was measured to calculate processivity (14).

Synergism assays. Synergism assays for wild-type and selected mutant en-
zymes were performed in the presence of T. fusca Cel5A and/or Cel48A using FP
and PC at different molar ratios. Synergism was measured based on the amount
of enzyme needed to obtain 5% digestion of FP or 6% digestion of PC in 16 h
at 50°C. The synergistic effects were calculated using the activity of the mixture
divided by the sum of the individual activities.

Substrate binding assays. Binding of 4 �M enzyme to 0.1% BMCC was
determined in 50 mM NaOAc buffer (pH 5.5) and 10% glycerol. Reaction
mixtures were incubated at 4°C (to eliminate hydrolysis) for 1 h on a Nutator
rocking table (Clay-Adams); the optical density at 280 nm was measured to
determine the amount of unbound protein from the supernatant, which was then
used to calculate the percentage of each enzyme bound.

TLC. Thin-layer chromatography (TLC) was performed as previously de-
scribed (17).

HPLC analysis. HPLC was conducted using Shimadzu HPLC equipment
consisting of an LC-20AD pump, an SIL-20A autosampler, and an RID-10A
refractive index detector. Separation was achieved using an Aminex HPX-87P
analytical column (300 mm by 7.8 mm; Bio-Rad) equipped with Micro-Guard
deashing cartridges (Bio-Rad). The column oven temperature was 84°C. Fifty
picomoles of enzyme was incubated with 3.2 mg of FP or 500 nmol of cellotriose
(G3 [three glucose molecules]) (Megazyme) for 16 h or with 10 nmol of cello-
hexaose (G6) (Megazyme) for 10 min in 400 �l of 50 mM NaOAc (pH 5.5) at
50°C. The samples were filtered through Millipore 5K NMWL membrane filter
devices before they were injected at a rate of 0.6 �l/min. Data were analyzed
using OriginPro v.8.0 (Origin Lab).

CD analysis. Spectra for 10 �g/�l protein were recorded from 190 to 290 nm
with an Aviv CD400 spectrometer (Aviv Biomedical, Inc.) at a scanning rate of
1 nm/s at 4°C. The circular dichroism (CD) spectra were analyzed to determine
the percent secondary structure using the CDNN CD spectra deconvolution
software developed by Bohm et al. (4).

Thermostability assays. Cel6B wild-type and selected mutant enzymes were
preincubated in 50 mM NaOAc (pH 5.5) at temperatures ranging from 45°C to
70°C for 16 h, and then 1.5 �M enzyme was assayed with SC at 50°C for 16 h to
calculate the temperature at which activity dropped by 50% (T50).

RESULTS

Selection of mutations. Residues for mutation were chosen
by analysis of the structures of H. insolens Cel6A (1OCB.pdb),

T. reesei Cel6A (1QK2.pdb), and T. fusca Cel6A (2BOD.pdb),
as well as a structural model of the Cel6B catalytic domain,
which was built based on the X-ray structures of H. insolens
Cel6A using the Swiss-Model Workspace. The reliability of the
model was evaluated by the WhatCheck program (11).

Figure 1 shows the location of the residues chosen for mu-
tation. N282 and R180 are located at the �2 and �4 glucose
subsites, respectively, whereas L230 is located in a turn on the
top of the tunnel. The potential sugar-binding residues N282
and R180 were mutated to investigate the role of residues near
the tunnel entrance and exit in processivity. W464, which cor-
responds to W371 in H. insolens Cel6A, was suggested previ-
ously to participate in substrate binding (28), while residues
D512 and M514 might affect loop flexibility.

Enzyme activity and processivity. All the mutant enzymes
behaved like wild-type Cel6B during purification. The CD
spectra of all mutant enzymes except the M514A and M514Q
enzymes (see Fig. 3) were identical to that of wild-type enzyme,
indicating that the global secondary structure of the mutant
proteins remained intact.

The purified enzymes were assayed using five polysaccha-
rides, and their activities were expressed as percentages of the
wild-type activity to facilitate comparison (Table 1). BMCC
and FP, which is made from long-fiber cotton pulp, are crys-
talline substrates with a DP of �1,000 (27), but BMCC has a
larger surface area and is more reactive (10). Both PC and SC
are amorphous celluloses with DP of approximately 1,500 and
2,600, respectively; PC showed lower crystallinity and crystal-
lite size than SC (Jessica Hatch, personal communication).
CMC is a soluble substrate consisting of �-1,4-glucose units
with random carboxylmethyl substitutions and a DP of 250 to
500 (25).

Mutant enzymes with mutations in residues near the tunnel
exit (R180K and R180A) and the tunnel entrance (N282A and
N282D) had, on average, a twofold increase in processivity
(Table 1). The L230A mutation slightly increased processivity
and increased the activity with PC over 250% (Table 1). HPLC
was used to investigate the production of oligosaccharides by
the N282A and L230A enzymes with FP. While cellobiose
(G2) is the main product, small amounts of cellotriose (G3)
and glucose (G1) were also produced (Table 2). As cellobiose
is the repeating unit of cellulose (5), it is thought that the first
hydrolytic step can produce either G3 or G2, but the subse-
quent steps yield only G2. TLC and HPLC of the products of
G3, G4, G5, and G6 hydrolysis showed that G4, G5, and G6
were completely hydrolyzed within minutes, while a small
amount of G1 was detected for G3 hydrolysis after 16 h of
incubation (data not shown). Therefore, the (G2 � G1)/(G3 �
G1) ratio also can provide an estimate of processivity. Both the
N282A and L230A mutant enzymes produced approximately
2.5-fold more oligosaccharides than the wild-type enzyme, and
their (G2 � G1)/(G3 � G1) ratios were 1.8-fold higher (Table
2). However, when hydrolyzing G6, the N282A enzyme was
less active and produced a lower ratio of G2 to G3 than the
L230A enzyme (Table 2).

Synergism with other T. fusca enzymes. The L230A and
N282A mutant enzymes were assayed in the presence of T.
fusca endocellulase Cel5A to test for synergism in FP hydro-
lysis at a molar ratio of Cel6B to Cel5A of 4:1, which was
previously found to be optimal (14, 33). Although the activities
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of these individual mutant enzymes with FP were around 150%
of the wild-type activity, mixtures of them with Cel5A did not
exhibit higher activity than the mixture containing the wild-
type enzyme (Table 3). A similar pattern was observed at two
different molar ratios (9:1 and 19:1) and for a range of incu-
bation times (4 to 16 h), as well as with mixtures with T. fusca
Cel9A-68, a processive endocellulase (data not shown). The
same result was observed for mixtures of Cel6B with Cel5A for
PC hydrolysis. Although the N282A mutant enzyme alone ex-
hibited over 310% of the wild-type activity with PC, the activity
of the mixture was only 63% of that of the mixture containing
the wild type (Table 3). Processivity with PC was not reported
due to difficulty in measuring insoluble reducing sugars from
this substrate.

To test the correlation between processivity and syner-
gism, the processivity of the mixtures was measured. Mix-
tures of mutant enzymes with Cel5A showed lower proces-
sivity than mixtures with the wild-type enzyme (Table 3).
Cel6B mutant enzymes were also mixed with T. fusca
Cel48A, an exocellulase that attacks the reducing end of
cellulose. The Cel6B mutant enzymes, which individually

showed higher processivity, exhibited higher synergism and
processivity with Cel48A than the mixture containing the
wild-type enzyme (Table 3).

Substrate specificity. The W464A and W464Y mutant en-
zymes had reduced activity with BMCC but had higher activity
with PC and CMC (Table 1). The binding of the W464A
enzyme to BMCC was lower than that of the wild-type enzyme
(Fig. 2). The activity of the W464A enzyme with CMC in-
creased sevenfold, and that of the W464Y enzyme was nearly
double. High activity of the W464A mutant enzyme with CMC
was also observed with lower concentrations of CMC (0.25 and
0.5%) (data not shown). TLC analysis confirmed the high
activity of this enzyme with CMC and showed that the products
were not changed by the mutation (data not shown).

The activity of the two M514 mutant enzymes with BMCC
unexpectedly decreased with increasing time of storage (in 5
mM NaOAc [pH 5.5] and 10% glycerol at �70°C). BMCC
assays conducted right after purification showed that the mu-
tant enzymes had slightly higher activities than the wild-type
enzyme (Table 1); 5 months after the first enzymatic assay, the
M514A enzyme specific activity was approximately 2% of the

FIG. 1. Location of T. fusca Cel6B residues for mutation, modeled using H. insolens Cel6A (1OCB.pdb; 1.75-Å resolution) by the Swiss-Model
Workspace. (A) One-dimensional view. Dashed lines show hydrogen bonds. (B) Three-dimensional view, showing the active site tunnel with two
molecules of fluoresceinylthioureido-derivatized tetrasaccharide (for neatness, the �4 glycosyl residue was removed).
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wild-type activity (data not shown). The loss of activity of the
M514A enzyme with BMCC correlated with increased activity
with CMC, and the loss of enzymatic activity of the M514A
enzyme was always greater than that of the M514Q enzyme
(data not shown). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels showed that there was no difference in
mobility or band pattern between boiled and unboiled samples
of the wild-type and mutant enzymes (data not shown), elim-
inating the possibility of enzymatic degradation during storage.
Both mutant enzymes were unstable at 55°C and higher tem-
peratures; their T50 was 58°C, while the T50 of the wild-type
enzyme was 64°C (data not shown). CD analysis after 2 years
of storage showed that the M514A enzyme spectrum, particu-
larly from 207 to 228 nm, and the M514Q spectrum from 260
to 290 nm are different from the wild-type spectrum, indicating
that there is structural modification of each enzyme (Fig. 3A).
CD spectrum analysis indicated that the �-helix content of the
M514A mutant enzyme was higher than that of the wild type,
while the content of random coils was slightly lower than that
of the wild type (Fig. 3B).

DISCUSSION

Link between processivity and synergism. Mutation of ei-
ther N282 or R180, which are at opposite ends of the active site
tunnel, to an amino acid with shorter side chains increased the
processivity of Cel6B, and mutation to the smallest side chain
(Ala) gave the largest increase. Each subsite of a cellulase can
accommodate both faces of the pyranoside ring and tolerate
the C6 hydroxyl group when the substrate moves along the
catalytic site (28). The decrease in the size of the side chains at
these positions might allow the cellulose molecule more free-
dom to advance through the tunnel in the case of the N282A
mutant enzyme and facilitate the release of cellobiose for the
R180A mutant enzyme. A study of Aspergillus niger endopo-
lygalacturonases also showed that a region far from the scissile
bond (subsite �5) strongly influences processivity (21). High
processivity does not always indicate higher activity, as ob-
served for the FP activity of the R180 mutant enzymes; pro-
cessivity is more about disassociation than about the rate of
hydrolysis.

Increased processivity of the N282A mutant enzyme also
was shown by its high (G2 � G1)/(G3 � G1) ratio. Although
the processivity of the N282A mutant enzyme as measured by
the ratio of soluble reducing sugars to insoluble reducing sug-
ars was higher than that of the L230A mutant enzyme, the
oligosaccharide ratios of the two enzymes were not different.
This might have been due to a difference in their initial sub-
strate binding preferences. As very small amounts of G3 and
G1 were produced, a small change in substrate binding, which
might be detected by G6 hydrolysis, could significantly affect
the (G2 � G1)/(G3 � G1) ratio. The lower G2/G3 ratio re-
sulting from G6 hydrolysis by the N282A mutant enzyme in-
dicates that its true (G2 � G1)/(G3 � G1) ratio in FP hydro-
lysis is higher than the measured ratio, consistent with its
higher processivity based on the ratio of soluble reducing sug-
ars to insoluble reducing sugars. The similarity of the two
approaches for measuring processivity is further supported by
the data for the L230A mutant enzyme. The higher (G2 �
G1)/(G3 � G1) ratio of the L230A mutant enzyme is due to its
lower initial binding preference leading to G3 as it produced
less G3 from G6.

The ratio of oligosaccharides cannot be used to assess pro-
cessivity in mixtures with endocellulases as G3 is produced by
internal cleavage, as well as in the initial hydrolysis step. A
different ratio, G2/(G1 � G3) was used to measure processivity
for T. reesei exocellulase Cel7A (32) as G1 was assumed to be
released only from the initial attack (G3 hydrolysis by Cel7A
was not addressed in this study). High processivity means that

TABLE 1. Activities and processivity of the Cel6B mutant enzymes
with polysaccharide substrates

Enzyme
% of wild-type activity witha:

Processivity
BMCC SC PC CMC FPb

Wild type 100 100 100 100 100 7.2

Mutant enzymes for
processivity

R180A 85 125 130 96 91 16.4
R180K 59 123 180 104 100 13.6
L230A 108 137 252 126 159 9.9
N282A 105 86 313 196 145 20.9
N282D 116 110 323 158 145 13.1

Mutant enzymes for
substrate specificity

W464A 26 86 368 718 132 7.9
W464Y 54 79 159 195 114 8.9
D512A 34 174 240 568 95 5.7
M514Ac 131 131 151 91 5.9
M514Qc 125 128 174 118 9.1

a Activity was calculated for 6% digestion for BMCC, SC, and PC and for 1.5%
digestion for CMC. The average coefficients of variation were 4, 5, 5.5, 2.5, 3, and
4% for activities with BMCC, SC, PC, CMC, and FP and processivity (soluble
reducing sugars/insoluble reducing sugars), respectively. The activities of the
wild-type enzyme with BMCC, SC, PC, CMC, and FP were 0.93, 2.25, 3.37, 0.57,
and 0.22 �mol cellobiose min�1 �mol�1 enzyme, respectively.

b Activity was calculated with 1.5 �M enzyme.
c Activity was measured right after purification when PC had not been pre-

pared yet.

TABLE 2. Oligosaccharide production with FP and cellohexaose (G6) by Cel6B enzymesa

Enzyme

FP hydrolysis (16 h of incubation) G6 hydrolysis (10 min of incubation)

Amt of oligosaccharides (nmol) (G2 � G1)/
(G3 � G1)

Amt of unhydrolyzed
G6 (nmol) G2/G3

G1 G2 G3

Wild type 0.22 � 0.07 3.35 � 0.07 0.16 � 0.02 8.2 0.65 � 0.13 0.97 � 0.01
L230A 0.33 � 0.09 9.22 � 0.02 0.25 � 0.02 15.3 0.51 � 0.07 1.14 � 0.04
N282A 0.22 � 0.04 8.29 � 0.04 0.34 � 0.06 14.4 0.90 � 0.04 0.86 � 0.01

a Amounts of oligosaccharides were determined by HPLC.
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the enzyme has been optimized for the movement of a cellu-
lose chain in the active site, but this change can reduce hydro-
lysis activity on easily diffusible soluble substrates (8), which is
in agreement with the slow hydrolysis of G6 by the N282A
mutant enzyme.

Although the individual mutant enzymes had higher activity
with FP than the wild-type enzyme, mixtures of these enzymes
with T. fusca Cel5A did not show increased synergism with FP.

Walker et al. (33) found that there was no binding competition
between Cel6B and Cel5A. Jeoh et al. (16), using fluorescently
labeled Cel6B and Cel5A, found that the substrate binding of
these enzymes in mixtures was greater than that of the indi-
vidual enzymes. As a very low enzyme-to-substrate ratio was
used here, competition for adsorption is unlikely. The fact that
the rate of hydrolysis of an exocellulase increased with endo-
cellulase-pretreated cellulose (34) and the fact that synergism
occurs between cellulases from unrelated organisms (14) show
that synergism does not require a direct interaction between
the cellulases. A simple synergism model is that endocellulases
act on accessible sites, producing new ends for attack by exo-
cellulases, which in turn open up new sites for endocellulases.
However, our data suggested a more complicated synergism, in
which a more active exocellulase does not give higher syner-
gism even at low enzyme-to-substrate ratios. As endocellulase
Cel5A produces shorter cellulose chains, exocellulase mutants
with increase processivity are not needed for maximizing syn-
ergism. In contrast, these mutant enzymes did exhibit in-
creased synergism with the reducing-end-attacking exocellu-
lase Cel48A.

Inverse effects on substrates. Activity with CMC is not a
good indicator of higher activity with crystalline substrates.
Soluble CMC is expected to bind readily in the active site, but
its high proportion of modified residues may cause CMC to
bind in a distorted manner. The tunnel structure of H. insolens
Cel6A restricts the polysaccharide strand in the tunnel (31), so
the increased activity of the W464A enzyme with CMC might
be due to easier movement of modified sugars through the
tunnel after removal of the bulky side chain. Increased activity
with CMC and decreased activity with BMCC have also been

FIG. 2. Binding of wild-type Cel6B and the W464A enzyme to
BMCC. Substrate binding was performed using 4 �M enzymes in 50
mM NaOAc (pH 5.5) and 10% glycerol for 1 h at 4°C.

TABLE 3. Synergism of Cel6B enzymes with T. fusca endocellulase Cel5A and exocellulase Cel48A in FP and PC hydrolysis

Enzyme or mixture Molar ratio in
mixture

Sp act (�mol cellobiose
min�1 �mol�1

enzyme)a

% of wild-type
or wild-type

mixture
activity

Synergism
factorb Processivity

FP hydrolysis
Cel6B 0.22 100 7.2
L230A 0.35 159 9.9
N282A 0.32 145 20.9
Cel5A 0.93
Cel6B � Cel5A 4:1 2.39 100 6.20 8.4
L230A � Cel5A 4:1 2.41 101 5.45 7.6
N282A � Cel5A 4:1 2.05 86 3.77 5.6
Cel6B � Cel48A 1:1 1.24 100 1.99 7.3
L230A � Cel48A 1:1 1.69 136 3.51 9.6
N282A � Cel48A 1:1 1.45 117 2.82 12.9
Cel6B � Cel48A � Cel5A 4:8:1 6.69 100 6.38
L230A � Cel48A � Cel5A 4:8:1 5.70 85 4.49
N282A � Cel48A � Cel5A 4:8:1 2.85 43 3.70

PC hydrolysis
Cel6B 3.4 100
L230A 8.5 252
N282A 10.6 313
Cel5A 49.4
Cel6B � Cel5A 4:1 460 100 3.26
L230A � Cel5A 4:1 362 79 2.46
N282A � Cel5A 4:1 289 63 2.24

a The average coefficient of variation was 4%.
b Activity of a mixture divided by the sum of the activities of the mixture components.
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observed for several T. fusca Cel9A mutations (19) when sub-
strate-binding Trp residues were mutated to smaller side
chains.

The decrease in both activity and binding to BMCC caused
by the W464A mutation indicates that W464 helps to bind a
cellulose chain to the active site and that this function may not
be required for binding of easy accessible substrates like CMC
and PC. Structural analysis showed that the corresponding
residue in T. reesei Cel6A, W367, interacts with the �-face of a
glucosyl ring during productive binding of a cellulose chain
(23), and the position of H. insolens Cel6A W371 was shifted
upon ligand binding (28).

The specific loss of activity of the M514 mutant enzymes

with BMCC during storage suggests that a change in structure
occurs during storage that inactivates the rate-limiting step for
activity with crystalline cellulose. Residue M514 is located in a
tunnel-forming loop at subsite �1, next to residue C515, which
forms a disulfide bond with residue C465 in this loop. The
flexibility of this disulfide bond might cause a conformational
change, as shown by CD and reduced thermostability.

In conclusion, T. fusca Cel6B was mutated to enhance ac-
tivity with selected substrates, but improving exocellulase ac-
tivity by increasing processivity is not always an effective strat-
egy to achieve higher synergism between exocellulases and
endocellulases with crystalline cellulose.
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